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The fates of cranial neural crest cells are unique compared to trunk neural crest. Cranial neural crest cells form bone and 
cartilage and ultimately these cells make up the entire facial skeleton. Previous studies had established that exogenous 
retinoic acid has effects on neurogenic derivatives of cranial neural crest cells and on segmentation f the hindbrain. In the 
present study we investigated the role of retinoic acid on the skeletal derivatives of migrating cranial neural crest cells. We 
wanted to test whether low doses of locally applied retinoic acid could respecify the neural crest-derived, skeletal 
components of the beak in a reproducible manner. Retinoic acid-soaked beads were positioned at the presumptive 
mid-hindbrain junction in stage 9 chicken embryos. Two ectopic cartilage lements were induced, the first a sheet of 
cartilage ventral and lateral to the quadrate and the second an accessory cartilage rod branching from Meckel's cartilage. The 
accessory rod resembled a retroarticular p ocess that had formed within the first branchial arch domain. In addition the 
quadrate was often displaced laterally and fused to the retroarticular p ocess. The next day following bead implantation, 
expression domains of Hoxa2 and Hoxbl were shifted in an anterior direction up to the mesencephalon a d Msx-2 was 
slightly down-regulated in the hindbrain. Despite dowmregulation in neural crest cells, the onset of Msx-2 expression i the 
facial prominences atstage 18-20 was normal. This correlates with normal distal beak nmrphology. Focal labeling of neural 
crest with DiI showed that instead of migrating in a neat group toward the second branchial arch, a cohort of labeled cells 
from r4 spread anteriorly toward the proximal first arch region. AP-2 expression data confirmed the uninterrupted presence 
of AP-2-expressing cells from the anterior mesencephalon to r4. The morphological changes can be explained by 
mismigration of r4 neural crest into the first arch, but at the same time maintenance oftheir identity. Up-regulation of the 
Hoxa2 gene in the first branchial arch may have encouraged r4 cells to move in the anterior direction. This combination 
of events leads to the first branchial arch assuming some of the characteristics of the second branchial 
arch. © 2000 Academic Press 
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INTRODUCTION 
Cranial neural crest cells, unlike trunk neural crest cells, 
form skeletal derivatives. Fate maps of quail neural crest 
cells grafted into chicken embryos have demonstrated that 
the entire beak is formed by neural crest cells derived frorn 
the mesencephalon a d hindbrain (Noden, 1978; Le Li~vre, 
1978; Couly et al., 1993, 1996; K6ntges and Lumsden, 
1996). The arrangement of delicate maxillary bones, the 
joint region, and the cartilages upporting the upper beak, 
tongue, and lower beak is intricate and requires patterning 
cues at several stages of development. Control of patterning 
is a complex process. Some of the chick skeletal pattern is 
established prior to the onset of neural crest migration 
12 
(Noden, 1983; Couly et al., 1998), which begins at the 
Gsomite stage (Tosney, 1982) and ends at about stage 14 
(Lumsden et aL, 1991). Other aspects of patterning are 
determined uring migration. Ablation experiments have 
resulted in ectopic migration of neural crest cells but a 
normal skeletal pattern results (McKee and Ferguson, 1984; 
Saldivar et al., 1997). Finally, after neural crest cells have 
completed migration, local epithelial-mesenchymal inter- 
actions are required for normal outgrowth and patterning of 
facial prominences (Wedden, 1987; Richman and Tickle, 
1989, 1992). In the present study we focus on aspects of 
skeletal pattern that are established uring the first stages 
of neural crest migration. 
We have chosen toperturb development of cranial neural 
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crest cells by exposing the embryos to retinoic acid, a 
metabolite of vitamin A. In humans, exposure to retinoids 
causes a specific set of birth defects, including a small 
mandihle, missing or abnormal external ears, and heart 
defects (Lammer et al., 1985). Rodent models recapitulate 
this spectrum of defects (reviewed in Richman, 1992). The 
chicken embryo also develops abnormally when exposed to 
retinoic acid; in particular, the neural crest cells are affected 
(Hassell et aL, 1977; Thorogood et al., 1982; Hart et al., 
1990; More Balb~s et al., 1993; Shankar et aL, 1994). In all 
of these studies retinoids were administered systemically 
and therefore the entire embryo was affected. While timing 
of administration does limit to some extent the tissues 
exposed to the retinoids (Grant et al., 1997; Dickman et aI., 
1997), all regions of the neural crest readily take up the 
exogenous retinoid (Dencker et aI., 1990). More recent data 
have shown that metabolism of retinoids occurs in the head 
mesoderm (Maden et aI., 1998) and this may explain why 
systemic treatment leads to head abnormalities. The design 
of the aforementioned studies does not permit us to sepa- 
rate overall effects on embryo development from effects 
specifically on the neural crest cells. 
In every situation in which exogenous retinoids are 
administered to an embryo, the final effect is dependent on 
the concentration of endogenous retinoids. The chicken 
embryo synthesizes everal morphologically active deriva- 
tives of retinol, including al l - trans-ret inoic acid (Tballer 
and Eichele, 1987; Scott et al., 1994; Maden et al., 1998) and 
3,4-didehydroretinoic acid (Thaller and Eichele, 1990; Scott 
et ai., 1994; Maden et aI., 1998). Mesenchyme adjacent o 
the brain consists of abundant neural crest cells in midmi- 
gration as well as mesoderm (somitomeres). It is unknown 
whether these endogenous retinoid metabolites impart pat- 
terning information to the neural crest cells. Eliminating 
retinoic acid receptors in knockout mice (RARc~y; Lohnes et 
al., 1994)results in craniofacial abnormalities. Exposure of 
pregnant mice to synthetic retinoic acid receptor antago- 
nists also leads to craniofacial abnormalities (Kochhar et 
al., 1998). Thus retinoid signaling is important in craniofa- 
cial development. 
The pattern of gene expression within premigratory and 
migratory cranial neural crest cells is thought o be linked 
to patterning of the cranial skeletal elements (Prince and 
Lumsden, 1994; Couly et aL, 1998). Retinoic acid is known 
to shift homeobox gene expression patterns in the neural 
tube of mammals (Conlon and Rossant, 1992, Morriss-Kay 
et aL, 1991; Wood et ai., 1994) and birds (Lu et al., 1997); 
however, it is not known how these changes affect the 
premigratory neural crest cells that will form the craniofa- 
cial skeleton. In the chicken model system it is possible to 
locally apply low doses of retinoic acid and limit the effects 
to a defined region of migrating neural crest cells. 
In the present study, we released retinoic acid from beads 
placed in the mid-hindbrain isthmus of the neural tube, 
thereby increasing the levels of retinoic acid in the neural 
tube and in the adjacent mesenchyme. This is the first t ime 
that locally released retinoic acid in the neural tube has 
been shown to cause changes in the chondrocranial com- 
plex, namely supernumerary cartilages within the first 
branchial arch. The defects are linked to retinoic acid- 
induced anterior shifts in cranial neural crest cell migration 
and ectopic expression of Hoxa2 in the first branchial arch. 
MATERIALS AND METHODS 
Fertile White Leghorn chicken eggs were obtained from a local 
hatchery (Coastline Chicks, Abbotsford, BC) and incubated at 38°C 
until the desired stage was reached (Hamburger and Hamilton, 
19511. 
Determination of Presumptive Midbrain- 
Hindbrain Junction in 7- to 8-Somite 
Stage Embryos 
Neural crest cells begin migrating from the forebrain and mid- 
brain regions at 6-7 somites (Couly et al., t993; Lumsden et al., 
1991; Tosney, 1982). ha 7- to 8-semite mbryos the neural crest 
cells are in their early phase of migration IBaker et aI., 1997). We 
selected the mid-hindbrain sthmus for bead implants. Because the 
rhomhencephalic isthmus does not typically become apparent 
until the 9- to 10-semite stage, it was necessary to identify the 
presumptive location when enrbryos were only 7-8 somites. We 
conducted a subset of experhnents to measure the position of this 
isthmus and therefore were able to use an eyepiece graticule to 
position the beads 850/~m anterior to the first solnite. 
Hy&ated AG1-X2 resin beads (Bio~Rad; formate form, 100q~m 
dry size) were soaked for 20 rain in 100 ixl all4rans-retinoic acid 
(Sigma; 0.01 to 1.0 mg/ml)dissolved in dimetbyl sulfoxide (DMSO). 
Rinsing of beads was done as described in Richman and Leon 
Delgado (1995) and Tickle et al. (1985). Vehicle control beads were 
soaked in DMSO. All embryos were checked 18 to 24 h after 
implantation to ensure that the bead was in the desired location for 
the period of active retinoic acid release (Eichele et aL, 1984). Only 
embryos with beads close to or at the mid-hindbrain sthmus were 
selected for further study. Later in development, the bead was often 
displaced due to turning of the embryo and continued formation of 
the brain. Embryos were fixed 18 h, 24 h, 48 h, 72 h, 10 days, or 1.2 
days pos>bead implantation. 
In Situ Hybridization 
Whole-mount in situs were performed as described in Shen et al. 
(1997) and sectioned in situs with radiolabeled probe were per- 
formed as described in Rowe et ai. (1992). The probes -were obtained 
from the following individuals: Hoxa2 from A. Lumsden (Prince 
and Lumsden, 1994), Hoxbl from G. Eichele (Sundin et aI., t990), 
RAR[~ from P. Brickell (Rowe et al., 1991, 1992), FGF°8 from J. C. 
Izpistia Belmonte (Vogel et aL, 1996), and Msx-i and Msx-2 from S. 
Wedden (Brown et al., 1993, 1997). AP-2 probe was as described in 
Shen et al. (1997). 
DiI Injections 
Embryos at the 6~ to 8-somite stage were injected with DiI C~s 
(lipophilic carbocyanine dye; Molecular Probes; stock concentra- 
tion 0.5% in 100% ethanol, diluted 10-fold in 0.3 M sucrose). 
Global labeling of neural crest was achieved by injecting dye into 
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the neural tube in order to label all the migrating neural crest cells 
from the mesencephalon a d hindhrain (to rhombomere 6). Focal 
laheling was achieved by injecting within the right neural fold to 
target rhombomeres 2, 3, or 4 (r2, r3, r4). Care was taken to note 
whether DiI was injected entirely within the neural epithelium, 
partly into the neural tube, or onto the surface ectoderm. Speci- 
mens that had the best injection technique were subjected to 
further analysis. Measurements were made to determine the pre- 
sumptive rhombomere boundaries ush~g an eyepiece graticule. The 
embryos then immediately received implants of beads soaked in 
retinoic acid or DMSO placed at the presumptive mid-hindbrain 
constriction. Embryos were allowed to develop for 24-48 h, fixed 
i1~ 0.25% glutaraldehyde, 4% formaldehyde in phosphate-buffered 
saline, and stored in the dark until examined. Those embryos with 
the bead at the mid-hindbrain isthmus or directly adjacent to it 
were examined further for DiI spread. The embryos were viewed 
with a rhodamine filter set under epifluorescence with a colnpoulad 
microscope. Bright-field and fluorescence photographs were 
scanned and processed using Adobe PhotoShop software {Adobe 
Systems, Inc.), 
Cartilage Staining 
Stage 36 embryos were sacrificed, rinsed in 1× PBS, and fixed 
overnight in 10% neutral buffered formalin. Whole specimens were 
made permeable by washing in acid alcohol (1% HC1 in 70% EtOH; 
24-48 h) before being stained with 1% Alcian blue in 70% EtOH (24 
h). Embryos were destained with several washes of acid alcohol and 
stored in 70% EtOH. Aherrations in the surface morphology were 
recorded and each embryo was photographed. Soft tissue was cleared 
with nrethyl salicylate. The eyes were removed to rew~al the under- 
lying chondroeranium. Selected embryos were rephotographed and 
camera lucida drawings were made. hnages were processed using 
Adobe PhotoShop software (Adobe Systems, Inc.). The following 
nomenclature will be used to describe the morphology of skeletal 
elemea~ts: cranial and caudal will refer to the axis from the cranial 
vault to the neck, medial and lateral to the axis between the eyes, 
medial being closer to the center; dorsal and ventral will refer to the 
axis from the neural tube toward the heart in embryos prior to 
differentiation f skeletal elements; proximal and distal will refer to 
the long axis of the fully grown beak, proximal being closer to the 
articular region and distal being closer to the tip of the beak. 
Bone Staining 
A subset of embryos was treated with 0.05 mg/ml reti~oic acid, 
grown to stage 38, and stained for bone and cartilage (N = 6). The 
embryos were skim~ed and fixed in 100% ethanol for 4 days and 
acetone for 4 days and stained in a solution of 5% acetic acid, 
0.015% Alcian blue, and 0.005% Alizarin red in 70% ethanol for 7 
days on a shaker. The heads were cleared for at least 1 month in 
20% glycerol in 2% KOH and then transferred to 80% g~ycerot/ 
0.5% KOH for storage. 
RESULTS 
A total of 66 embryos were implanted with retinoic 
acid-impregnated beads, soaked in concentrations from 0,01 
to 0.1 mg, and analyzed for cartilage morphology; 29 speci- 
mens survived to stage 36. Concentrat ions of retinoic acid 
greater than 0.1 mg/ml  led to high frequencies of embryo 
TABLE 1 
The Number of Chick Embryos Receiving Retinoic Acid 
Treatment during Early Neural Crest Cell Migration 
and Surviving to Stage 38 
mg/ml retinoic acid 
0,05 0075 0.1 
Surviving embryos 9/13 9/28 8/53 
death (0/9 embryos treated with 05 mg/rnl survived to 
stage 36, only half survived for 24 h). The main cause of 
embryo death may have been the effect of retinoic acid on 
heart formation. The morphogenic effects of retinoic acid 
on heart tube formation have been reported in chicken 
embryos (Osmond et al., 1991). All DMSO-treated embryos 
developed normal ly (N = 39). A set of embryos was treated 
with 0.05 mg/ml  soaked beads, allowed to develop to stage 
40, and stained for bone (N = 6). 
A dose-response experiment was conducted to determine 
the concentration of retinoic acid to use in 7- to 8-somite 
stage embryos. Concentrations of 0.1 mg/ml  often led to 
loss of certain cartilage elements. Beads soaked in 0.01 
mg/ml  did not cause detectable changes in skeletal mor- 
phology and were therefore not included (N = g, data not 
shown). Thus the experiments focused on concentrations 
between 0.05 and 0.1 mg/ml  (N = 26, Table 1). 
Normal Chondrocranium Anatomy 
The anatomy of the cartilages in the stage 36 avian 
embryo is depicted in Fig. 1. The main region affected in the 
present study is the retroarticular region, which consists of 
the retroarticular process and internal process o~ Meckel 's 
cartilage and the quadrate. Neural crest cells from the 
posterior mesencephalon, r l and r2 make up the quadrate, 
and r l  and mesencephal ic cells contribute to the internal 
process, while r4 neural crest cells contribute to the retro- 
articular process (K6ntges and Lumsden, 1996). 
Surface Morphology of Embryos 
There were generally few changes to the surface morphol~ 
ogy of embryos treated with 0.05 to 0.1 mg/m.1 retinoic acid. 
The most common phenotypes were a sl ightly shorter 
lower beak, an open beak [indicating a joint problem), and a 
cleft lower beak. The upper beak including the egg tooth 
always formed normally, as did the feather germs. 
Locally Released Retinoic Acid Affected 
Differentiation of Hindbrain Neural Crest Cells 
In order to determine which neural crest cell populations 
were affected by the retinoic acid-soaked beads, we ana- 
lyzed the skeletal elements of the beak. The results will be 
discussed in cranial to caudal sequence. There were no 
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FIG. 1. Normal chicken embryo chondrocranium, illustrating the 
neural crest-derived cartilages in red and the mesodermally derived 
cartilages in blue. The two areas derived from rhombomere 4 
neural crest cells are the retroarticular process and columella 
{yellow). Key: bb, basibranchial; bs, basisphenoid; cb, cerato- 
branchial; co, columella; eg, entoglossum; fb, forebrain; los, inter- 
orbital septum; mc, Meckel's cartilage; mb, midbrain; na, nasal 
chonchae; oc, occipital cartilage; or, orbital rim; pnc, prenasal 
cartilage. 
effects on the prenasal cartilage, the interorbital septum, or 
any other upper beak structures, all of which are derived 
from anterior mesencephalic neural crest cells. 
The quadrate is the anteriormost neural crest celLderived 
cartilage affected by retinoic acid. The quadrate is formed 
mainly of rl and r2 neural crest cells, with some input from. 
posterior mesencephalic cells. Retinoic acid beads affected 
development of the quadrate in all embryos (Fig. 2; Table 2). 
The quadrate was usually reduced in size with an ectopic 
cartilage plate lateral and istal (Figs. 2C-2H). This carti- 
lage plate did not articulate with other cartilage elements 
and was close to the location where the quadratojugal bone 
later forms. The quadrate was often displaced from its 
normal position relative to the retroarticular process. 
Rather than being in the same line as Meckel's cartilage, 
the quadrate was often positioned lateral to Meckel's carti- 
lage, preventing it from articulating with the base of the 
skull (Figs. 2E-2H; Table 2). 
Meckel's cartilage has a dual origin; the majority of the 
cartilage is derived from the posterior mesencephalon but 
the proximal, articular region is derived from rl, r2, r3, and 
r4 neural crest cells (K6ntges and Lumsden, 1996; Couly et 
al., 1996). A striking observation is that in 50% of embryos, 
retinoic acid-induced supernumerary rods of cartilage di- 
verged laterally from Meckel's cartilage (Figs. 2C-2F; Table 
3). Such secondary branching was usually positioned close 
to the occult boundary between regions that originate from 
hindbrain and mesencephalic neural crest and could repre- 
sent a more distally positioned retroarticular process. Reti- 
noic acid treatment caused shortening of the first branchial 
arch cartilage, Mecke!'s cartilage, in a dose-dependent man- 
ner (Table 3; data not shown). The distal ends of Meckel's 
were less susceptible to retinoids than the more proximal 
TABLE 2 
Quadrate Defects Following Localized Retinoic Acid Treatment 
(mg/ml) 
0.05 0.075 0.1 
Quadrate morphology (N ~= 9) (N = 9) (N = 8) 
Normal rnorphology 0 0 0 
Slightly misshapen 4 3 0 
Ectopic cartilages present 3 3 3 
Fused to retroarticular p ocess 2 2 0 
Displaced from normal position 4 3 1 
Absent 2 4 4 
regions (Figs. 2C-2H). This differm~ce could be due in part 
to the difference in embryonic origins (K6ntges and Lums- 
den, 1996; Couly et al., 1996). The retroarticular process of 
retinoic acid-treated embryos is derived from r3 and r4 
neural crest cells (K6ntges and Lmnsden, 1996). The retro- 
articular process was often absent either unilaterally or 
bilaterally (Figs. 2C and 2D1, reduced in size, or abnormally 
fused to the quadrate (Figs. 2E and 2H; see summ.ary in 
Table 3). Reduction of the retroarticular process at the 
proximal end of Meckel's cartilage probably led to beak 
shortening. Further evidence that neural crest cells from r4 
were affected by retinoic acid was that the columella was 
absent in all embryos treated with mid-hindbrain bead 
implants (data not shown). Couly et al. (1996)found no r4 
contribution to the proximal Meckel's cartilage region. 
They determined that r4 neural crest cells contributed to 
the ceratobranchial cartilage. This difference in fate snaps 
could be due to the method of dissection. K6ntges and 
Lmnsden (1996) grafted whole rtlombomeres, whereas 
Couly et al. (1996) grafted the dorsal neural folds. 
TABLE 3 
Pattern Changes in. Meckel's Cartilage and the Retroarticular 
Process (RAP) Following Localized Retinoic Acid Treatment 
(mg/1wtl} 
Meckel's cartilage 0.05 0.075 0,1 
morphology (N = 9) (N = 9) (N = 8) 
Normal length (cleft) 6 3 (1) 2 
Short (cleft) 3 (1) 5 (2) 4 (3) 
Very short (cleft) 0 1 (1) 2 (1) 
Supernmnerary branches off 4 5 3 
Meckel's cartilage 
Absent RAP (unilateral) 4 2 2 
Absent RAP (bilateral) 2 4 6 
RAP displaced from normal 3 2 1 
position 
Absent Meckel's cartilage 0 0 1 
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FIG. 2, Effect of retinoic acid on morphology and position of cartilages in the retroarticular region. All specimens were photographed from 
a superior view after rem.oving the upper beak. Specimens were treated with 0.05 mg/mt retinoic acid. Camera lucida drawings are shown 
in B, D, F, and H with eetopic artilages colored in blue. (A and B) Specimen treated with a DMSO-soaked bead has normal ower beak 
morphology. From this view the quadrate can be seen to line up with the retroarticular p ocess. Meekel's cartilages are smooth and the 
distal tips meet. (C and D) Bilateral ectopic artilage plates, bilateral missing retroarticular p ocess on the left side and bilateral branching 
of MeckeFs cartilage. (E and F) Morphology similar to C with bilateral rods of cartilage. Note that the quadrate on the left side is lateral 
to Meckel's cartilage and on the right side the quadrate and retroarticular p ocess are fused. (G and H) The right and left quadrates are fused 
to the retroarticular p ocess. The left side has an ectopic artilage plate. The entogtossum is curved away from the focal plane. Key: bb, 
basibranchial; bh, basihyat; car, accessory cartilage rods branching of Meckel's cartilage; cb, ceratobranchial; eb, epibranchial; ec, ectopic 
cartilage plate; eg, entoglossum; ip, internal process~ mc, Meckel's cartilage; q, quadrate; RA, retinoic acid treated; rap, retroarticular 
process. Scale bar for A, C, E, and G, 2 mm. Scale bar for camera lucida tracings (D), 1 mm. 
Midline clefts of the mandible were also produced and these 
were unrelated to the degree of shortening (Fig. 3A and data 
not shown}. The clefts prohably arose during stages of cartilage 
condensation and differentiation. It is l ikely that extension of 
the Meckel's cartilage rods laterally from stage 28 onward 
prevented the tips from meeting. Examination of the mandib- 
ular facial prominences in lmmerous stage 18 to 24 specimens 
showed no abnormal morphology (data not shown). 
Structures derived from r6, r7 (K6ntges and Lumsden, 1996; 
Couly et al., 1996), and r8 (Couly et aL, 1996) were also 
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affected in a minor way by the local application of retinoic 
acid to the m id-hindbrain junction (14/26; summarized inFig. 
7). The hyt)obranchial cartilages, especially the basibranchial, 
-were displaced caudally and dorsally in some specimens (Figs. 
2G and 2H). The effects on second and third branchial arch. 
cartilages were, in some cases, secondary to displacement of
the first branchial arch. cartilage, 
Bone differentiation occurred on schedule in the retinoic 
acid-treated embryos although the morphology of the ar- 
ticular region had abnormalities similar to those described 
in the chondroeraniurn. I  particular, clefts were seen (Fig. 
3A) as well as absent retroarticular processes and abnor- 
mally shaped or absent quadrates (Fig. 3B). In the case in 
which supernumerary ods of cartilage branched off of 
Meckel's cartilage, there was no bone covering this carti- 
lage. Thus there was local interference with ossification. 
Maxillary bones (maxillary, palatine, jugal, and quadratoju- 
gal) all formed normally in the treated embryos, indicating 
that mesencephalic neural crest cells were not affected by 
the treatment lFigs. 3A and 3B). 
Migration Pathways of Neural Crest Cells Are 
Affected by Retinoic Acid 
Embryos treated in early migration stages with retinoic 
acid beads placed in the lnid-hindbrain constriction went 
on to develop ectopic cartilages in the region of the 
developing quadrate and clefts of the mandible. In order 
to see whether neural crest cell migration was affected by 
retinoic acid treatment, global labeling of all cranial 
neural crest cells was carried out. In some DiI-injected 
specimens there was a decrease in the width of the gap 
normally present between r4 and rl /r2 mesencephalic 
neural crest cells (3/13, data not shown). The narrowed 
gap may have been due to r4 neural crest cells migrating 
into the first branchial arch or posterior mesencephalic 
and rl /r2 neural crest cells migrating into the second 
branchial arch. Still a third possibility is that r3 gave rise 
to increased numbers of neural crest cells. 
To distinguish between these possibilities, we performed 
focal injections of DiI into r2, r3, or r4. All of the embryos 
injected in r2 (N = 7, 24 h; N = 3, 48 h) had streams of
labeled cells migrating to the first branchial arch and to the 
trigeminal ganglion (data not shown). There was no caudal 
migration 24 or 48 h following bead/dye application. Em- 
bryos injected in r3 generally showed very few labeled cells 
outside the neural tube (N -- 4, data not shown). Injections 
into r4 of retinoic acid-treated embryos (N = 4/4; Figs. 4B 
and 4C) showed distinct alterations in eural crest cell 
migration patterns 24 h after treatment (compared to 
DMSO-treated controls) (N = 4; Fig, 4A). In addition to the 
stream of cells moving into the second arch, there was a 
cohort that branched anteriorly toward the proximal first 
arch (Figs. 4B and 4C). Forty-eight hours following dye and 
bead application, these ectopic ells consolidated in a mass 
close to the future site of the quadrate (N = 2/2, Fig. 4E). 
DMSO controls had label only in the geniculate ganglion 
and second branchial arch (N = 8, Fig. 4D). A qualitative 
comparison between r tinoie acid- and DMSO-treated em- 
bryos at 48 h suggested that there were fewer labeled cells 
in the geniculate ganglion and second branchial arch of the 
retinoic acid-treated embryos (compare Figs. 4D and 4E). 
Retinoic Acid Induces Gene Expression Changes in 
the Neura l  Tube  and Branchial Arch Mesenchyrne 
In order to see if locally released retinoic acid altered gene 
expression, embryos were examined for changes in expres- 
sion of genes known to be expressed in r4--Hoxa2 (ho- 
meobox*a2; Prince and Lumsden, 1994), Hoxbl  (Sundin and 
Eichele, 1990; Sundin et aL, 1990), AP-2 (activating pro- 
tein-2; Shen at eft., 1997), and Msx-2 (muscle-specific ho- 
meobox-2; Graham et al., 1993). Of these genes, only Hoxbl  
contains retinoic acid-response elements (Marshall et al., 
1992; Studer et ed., 1994; Ogura and Evans, 1995a, b; Lang- 
ston et al., 1997). We also examined expression of Rarfi, 
which is expressed in the hindbrain up to the r4-r5 bound- 
ary (Rowe et aI., 1992; Rowe and Richman, unpublished 
results) and contains a retinoic acid-response element (de 
Th4 et al., 1990; Sucov et al., 1990). 
We examined expression of Hoxa2 and Hoxbl  in the 
neural epithelium of retinoic acid-treated em.bryos. Eetopic 
expression ofHoxn2 and Hoxbl  was detected in all embryos 
(N = 5/5). The effect of retinoie acid on Hoxn2 expression 
was to induce expression up to and occasionally within the 
meseneephalon (5/5 specimens; Figs. 5E and 5H). Normally 
the anterior expression b rder is sharply defined at the rl/r2 
boundary (Fig, 5B); however, in retinoic acid-treated em- 
bryos the expression domain of Hoxa2 in the mesencepha- 
lon was anterior to and continuous with the normal domain 
of expression. Hoxbi  transcripts are normally present in r4, 
absent in r5 and r6, and then expressed in the remainder of 
the neural tube caudal to r7 (Fig. 5C). In retinoic acid- 
treated embryos, Hoxbl  maintained a discrete but much 
smaller domain of expression i  r4 and an ectopic domain 
was induced in rl and r2 (4/5; Figs. 5F and 5I). The reduced 
size of the r4 domain may be related to an increase in the 
number of neural crest cells that form from this region of 
the neural tube. Hoxbl  transcripts were not induced in the 
neural tube anterior to the mid-hindbrain isthmus. There 
were no detectable changes in Rar~ expression in the 
hindbrain of retinoic acid-treated embryos (data not shown). 
Expression of hox genes within the mesel~chyme of the 
branchial arches has been attributed to expression i  neural 
crest cells that migrated away from the neural tube (Hunt et 
al., 1991). In untreated embryos, Hoxa2 is expressed in the 
second and more caudal branchial arches. We looked for 
changes in expression i  the first branchial arch and found 
that there was a modest up-regulation of Hoxa2 in the 
mesenchyme but not in the surface ctoderm (3/5; Figs. 5E 
and 5H and data not shown). This lack of expression of 
Hoxa2 in the ectoderm is similar to the result obtained by 
grafting r4, r5, and r6 neural tube to the anterior hindbrain 
(Couly et al., 1998). Chimeric embryos with eetopic Hoxa2 
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FIG. 3. Ossification patterns in retinoic aci&treated embryos. Embryos were treated with 0.05 mg/ml retinoic acid and stained with 
Alcian blue and Alizarin red. Embryo in A has a cleft of the mandible and absent retroarticular p ocess and quadrate (asterisk). Note 
presence ofbony elements in the mandible. Embryo in B is hemisected to show the retroarticular process and abnormally shaped quadrate. 
The quadrate should be triangular in shape. Other areas of ossification i  the mandible and upper beak are normal. Key: rod, mandible; q,
quadrate; rap, retroarticular p ocess. Scale bar, 2 am. 
FIG, 4. Focal iniections of DiI into rhombomere 4 of 7- to 8-somite stage embryos. Control embryos were treated with DMSO-soaked 
beads, experimentals in B and C were treated with beads oaked in 0.075 mg/ml retinoic acid placed at the mid-hindbrain isthmus. Em.bryo 
in E was treated with 0,05 mg/ml retinoic acid. DiI-labeled cells move in a linear fashion toward the second branchial arch. (B and C) DiI 
label covers a broad region above the otic vesicle (o) and there are many cells migrating in a cranial direction [arrows). (D) DiI-labeled cells 
are concentrated in the geniculate ganglion and fill the second branchial arch, tE) DiIqabeled cells are migrating up toward the proximal 
region of the first branchial arch, origins of the quadrate and retroarticular p ocess. Fewer cells than normal have moved into the second 
branchial arch. Scale bar, 0.5 ram. Key: b, bead; b2, second branchial arch; o, otic vesicle; g, genicutate ganglion. 
expression in first branchial arch mesenchyme did not 
show a concomitant up-regulation i the ectoderm. 
Hoxbl is normally expressed in the neural crest derived 
from r4 but its continued expression in branchial arch 
mesenchyme into stages of cell differentiation has not been 
studied. It is therefore not clear whether the neural crest 
cells that initial ly express Hoxbl go on to form ganglia or 
mesenchymal cells. We did not observe any ectopic expres- 
sion of Hoxbi in the region of the future trigeminal gan- 
glion or in the first branchial arch mesenchyme. Hoxbl was 
expressed in neural crest cells originating from r4, r6, and 
the remainder of the hindbrain. Rar~ was expressed in 
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FIG. 5. Gene expression in retinoic acid-treated embryos, All embryos were fixed at stage 14-15. Embryos in A, B, and C are untreated 
controls. Embryos in D-I were treated with retinoic acid beads soaked in 0.075 mg/ml. (A, D, and G) Toluidine blue-stained sections taken 
at lower magnification, (B, C, E, F, H, and I) Dark-field views of serial sections hybridized to antisense radiolabeled probes. In E and I: the 
bead is included in the section. There is an anterior expression domain of Hoxa2 and Hoxbl induced in the neural tube in addition to the 
normal domain of expression in E, F, H, and I. There is a moderate up-regulation of Hoxa2 in the first branchial arch in E and H. There is 
no change in the expression of Hoxa2 in the ectoderm covering the first branchial arch (E and H). The size of the expression domain of 
Hoxbl in r4 is reduced in F and I. There are retinoic acid-induced morphology changes in the mesencephalon a d rhombencephalon visible 
in D and G. Key: d, diencephalon; rn, mesencephalon; r, rhombomere; t, telencephalon; arrow, ectopic expression. Scale bar, 200 t~m. 
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FIG. 6. Gene expression changes i  embryos treated with retinoic acid. (Aand D) DMSO-treated control embryos. (B, C, E, and F) Embryos 
were treated with 0.075 mg/ml retinoic acid. All embryos were fixed18 h post-bead implantation and photographed from a dorsal view. 
Bead position is indicated by an asterisk. All embryos originally had the bead at or very close tothe mid-hindbrain sthmus but following 
in situ hybridization and as a result of photography the bead position may have changed. Red arrow in A-F indicates the lnid-hindbrain 
isthmus. AP-2 expression i A-C, Msx-2 expression in D-F. (A) Expression i cells adiacent to mesencephalon, anterior hindbrain, r4, and 
r6. (B and C) Expression is seen adjacent to r3 (green arrowsl but not opposite r5 or the position of the otic vesicle. (DI Msx-2 expression 
extends from r3 down to r 5. (E and ]?) Expression is still present above the forming otic vesicle or in the r4/r5 region. There is a qualitative 
decrease in expression anterior to r4. Key: o, otic vesicle; r, rhombomere. Scale bar, 0.4 mm. 
migrating anterior mesencephalic neural crest cells in both 
normal and retinoic acid-treated embryos with no differ- 
ences in expression between experimentals and controls 
(data not shown). 
AP-2 is expressed in the same location as premigratory, 
early migrating, and late migrating neural crest cells. AP-2 
expression i  DMSO-treated embryos is identical to that in 
untreated embryos with obvious gaps between anterior 
hindbrain eural crest and r4 neural crest cells (Fig. 6A and 
data not shown). In contrast, iretinoic acid-treated embryos 
have changes in the expression of AP-2. Instead of gaps 
adjacent to r3, transcripts are continuous down to r5 (3/5; 
Figs. 6B and 6C). AP-2 regulates expression of Hoxa2 in 
neural crest cell-derived second arch mesenchyme (Ma- 
conochie t al., 1999), thus AP-2 ectopic expression may be 
linked to the changes in Hoxa2 expression we observe. 
The homeodomain-containing gene, Msx-2, is expressed 
in the dorsal edges of the rhombencephalon, in r3, r4, and r5 
neural crest cells (Fig. 6D; Maden et al., 1997; Graham et 
al., 1993). Retinoic acid treatment leads to three pheno- 
types: a down-regulation f Msx-2 expression in r3 neural 
folds at stage 12 (2/9; Figs. 6E and 6F), a complete loss of 
signal (3/9; data not shown), or no change compared to 
controls (4/9; data not shown). Thus in the majority of cases 
(6/9) the expression of Msx-2 in r4 is maintained. Embryos 
allowed to develop to stage 24 express Msx-2 at the tips of 
the facial prominences similar to expression in untreated 
embryos (3/3; data not shown). This normal Msx-2 stage 24 
expression pattern in treated embryos is consistent with the 
normal distal beak morphology observed in stage 38 reti- 
noic acid-treated embryos. 
DISCUSSION 
Retinoic acid released at the mid-hindbrain isthmus 
leads to the formation of two distinct ectopic cartilage 
elements. In addition, there are abnormalities in shape and 
Copyright © 2000 by Academic Press, M1 rights of reproduction in any form reserved, 
Effects of Retinoic Acid o1~ Craniofacial DevdoplnerTt 21 
position of the quadrate and retroarticular process~ struc- 
tures whose origins are primarily hindbrain-derived neural 
crest. We propose that these changes indicate the partial 
respecification of first branchial arch structures to a second 
branchial arch fate. The reasons for the respecification are 
twofold: neural crest cells from r4 join with crest cells from 
the anterior hindbrain to form supernumerary cartilage and 
the m.olecular environment encountered by the ectopically 
migrating r4 neural crest cells has changed. 
Rhombornere 4 Cells Maintain Their Identity 
in Retinoic Acid-Treated Embryos 
The r4 region of the hindbrain, continues to express 
Hoxa2, Hoxbl, AP-2, M'ex-2, and Rarf3 after retinoic acid 
treatment. Therefore, there is no molecular evidence that r4 
cells are being respecified. Rather, r4 ceils are migrating 
into a different location and formiug ectopic cartilages. The 
structures formed in the stage 36 embryos also support he 
hypothesis that r4 cells have not been respecified. Supernu- 
merary branching of Meckel's cartilage often occurs within 
the region derived from the anterior hindbrain and posterior 
mesencephalon. Thus a structure resembling the retroar- 
ticular process is formed in an ectopic location. The quad- 
rate and retroarticular process are often fused but are still 
idelrtifiable. Our data support he r4 fate maps of K6ntges 
and Lumsden (1996) rather than the maps of Couly et al. 
(1996), since we never observe changes in morphology of 
the ceratobranchials but often see changes in the retroar- 
ticular process and columella. 
Can Rhombomere  4 Cells Make Cartilage 
in the First Branchial Arch? 
The experimental conditions in the present study are 
similar but not identical to the grafting of r4 neural crest 
cells to a more anterior position (Couly et al., 1998; Noden, 
1978, 1975). In the quail-chicken chimeras of Couly et aI. 
(1998), the presumptive r4, r5, and r6 neural-fold region was 
transplanted to the Hoxa2-negative r gion of the anterior 
hindbrain and posterior mesencephalon. There was no 
contribution of r4, r5, or r6 quail neural crest cells to the 
cartilages of the first branchial arch. Similarly when abla- 
tions were done of all the mesencephalic and anterior 
hindbrain eural crest, r4, r5, and r6 neural crest cells filled 
the first branchial arch but were incapable of making 
cartilage. The differences between our experiments and 
those of Couly et al. (1998) are that in our system, r4 cells 
originate from the posterior hindbrain rather than the 
mesencephalon a d that anterior hindbrain/mesencephalic 
cells are present and contiguous with r4. Our data suggest 
that retinoic acid-treated r4 (and possibly r3) neural crest 
cells are able to make supernumerary cartilage and can 
maintain Hoxa2 expression to some extent in the first 
branchial arch. In order to confirm this, it would be neces- 
sary to perform expression studies on chimeras of quail r4 
neural crest transplanted into the chicken hindbrain and 
subsequently treated with retinoic acid. 
Rhombomere  3 Neural  Crest Cells Are Also 
Affected in the Retinoic Acid.Treated Embryo 
The fate maps of Couly et al. (1996) and K6ntges and 
Lumsden (1996) concur on the contribution of r3 to the 
retroarticular p ocess. As this region is the primary target of 
retinoic acid treatment in our study, it is likely that r3 cells 
are affected. We did not detect increased numbers of r3 cells 
in most DiI-injected, retinoic acid-treated specimens; how- 
ever, it is possible that we were not able to resolve small 
changes in cell number with this method. There was 
increased AP-2 expression adjacent to r3. Thus it is possible 
that r3 neural crest cells turned on AP-2 expression and 
were able to move more freely to join. the rl/r2 cohort. Such 
ectopically migrating r3 cells could contribute to ectopic 
cartilages within the first branchial arch region. There may 
be more than the usual number of r3 cells surviving rather 
than undergoing apoptosis as judged by decreased levels of 
Msx~2 expression. High levels of Msx-2 transcripts are 
normally associated with r3 and rS, areas undergoing pro- 
grammed cell death (Graham et al., 1993, 1994; Maden et 
al., 1997; Farlie et aI., 1999). Increased numbers of r3 
neural crest cells may account for the changes in morphol- 
ogy to the retroarticular process and supernumerary carti- 
lages. 
Anterior Shifts in Hoxa2 Expression in the First 
Branchial Arch Predict a Partial Gain of Function 
The expression of Hoxa2 in rl and the posterior mesen- 
cephalon implies that late-migrating neural crest would 
have experienced an up-regulation of Hoxa2 prior to their 
departure. These cells presumably maintain their Hoxa2 
expression as they move into the first branchial arch. This 
change in hox code could be associated with the supernu~ 
merary cartilages produced in the articular region since ..... 
these proximal cartilages are derived from late-migrating 
neural crest cells (Baker et al., 1997). Expression of Hoxa2 
predetermines where cartilage will form (Kanzler et al., 
1998), therefore the anterior shift of Hoxa2 into the first 
arch caused by local release of retinoic acid predicts the 
formation of ectopic cartilages in the proximal first arch 
region. We observe supernumerary cartilage branching off 
Meckel's cartilage in 50% of treated embryos close to the 
boundary between r4 and mesencephalic neural crest ceil 
contributions. In the majority of specimens with additional 
branches from Meckel's cartilage, the retroarticular p ocess 
is also present (7/9). Therefore we have induced a structure 
analogous to a supernumerary retroarticular p ocess within 
the first branchial arch. In the Hoxa2 null mutation the 
second arch was partially respecified to form supernumer- 
ary elements from the proximal region of the first branchial 
arch (Rijli et al., 1993; Gendron-Maguire t aI., 1993; 
K6ntges and Lumsden, 1996). Our experimental system 
produced a partial gain of function of Hoxa-2 in the first 
branchial arch and also resulted in a partial duplication of 
proximal elements. Once again the proximal elements are 
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much more sensitive to molecular changes than are the 
distal structures uch as Meckel's cartilage. 
The second ectopic cartilage is the plate or sheet of 
cartilage distal to the quadrate and cranial to Meckel's 
cartilage. It is likely that some of the cells from the 
quadrate have joined with r4 cells to form this sheet. The 
fusion of the quadrate to the retroarticular process, which 
occurred in some embryos, may be due to mixing of rl-, r2-, 
1"3-, and r4-derived neural crest cells. Studies in the mouse 
embryo also showed abnormalities in the proximal first 
arch region following exposure to retinoic acid. In contrast 
to our data, a variety of phenotypes was produced but none 
included ectopic skeletal structures. The most common 
effect was a deletion of the tympanic ring (Mallo and 
Brandlin, 1997). Treatment of early rat embryos with reti- 
noids led to anterior shifts in preotic (anterior to r5) neural 
crest cells toward the proximal first arch (Lee eta]., 1995; 
Morriss and Thorogood, 1978). Embryos that were allowed 
to develop further formed ectopic cartilage in the maxillary 
region (Morriss and Thorogood, 1978) similar to the sheet of 
cartilage produced in our study. While we have no direct 
evidence that the sheet of cartilage is derived from r4 neural 
crest, its relationship to other first arch cartilages upports 
a first arch origin. The local release of retinoic acid in 
chicken embryos has resulted in a more reproducible phe- 
notype that suggests that Hoxa2 gain of function in the first 
branchial arch leads to formation of second arch elements 
within the first arch. 
Why Do R4  Cells Move in an Anterior Direction? 
The focal injection data confirmed that neural crest cell 
migration from r4 is altered in retinoic acid-treated em- 
bryos. An extra stream of cells branched off and moved 
anteriorly to the proximal first arch region. These cells later 
consolidated in the proximal first arch in the region where 
the ectopic cartilage plates and accessory rods -will form. 
One possible explanation is that r4 neura] crest cells now 
take on the identity of r l  and r2 neural crest cells; however, 
the molecular and patterning data argue against his sce- 
nario. It is more likely that the ectopic migration is due to 
a change in the environment encountered by the neural 
crest cells. The combination of ectopic Hoxa2 expression 
and AP-2 expression adjacent o r3 could support anterior 
movement of r4 neural crest cells. 
Position-Specific Effects of Locally Released 
Retinoic Acid 
The work of Gale et al. (1996) in tbe chicken embryo 
showed that injections of retinoic acid into r4 specifically 
targeted the neurogenic derivatives of r4 neural crest and 
did not affect the connective tissue. Neural crest cells 
migrated along one of two abnormal pathways. The first 
was very similar to that seen in our data, a stream of cells 
branched anteriorly toward the proximal first arch region. 
The second pathway consisted of a cohort of cells moving 
posteriorly, ventral to the otic placode. The abnormal 
movements led to an anterior shift in the position of the 
facial ganglion, and there were abnormal connections to the 
trigeminal ganglion. We did not label the ganglia with 
neurofilament antibodies, but from the DiI injections it was 
clear that the geniculate and trigeminal ganglia are in their 
correct positions following retinoic acid treatment and no 
abnormal connections between the two ganglia could be 
seen. Nittenberg et al. (1997) placed beads in r4 and elimi- 
nated morphological nd molecularly defined segments in 
the hindbrain posterior to r4, The hypothesis was that this 
would allow neural crest cells to mix freely; however, this 
rarely occurred in labeled embryos. Beads were implanted at 
stage 10-11, when neural crest cells have already begun to 
migrate. The results may have been different if beads were 
implanted at earlier stages. Our data are therefore the first 
to demonstrate hat abnormal mixing of neural crest cells 
in embryos is correlated with the form.ati0n of supernumer- 
ary skeletal elements. 
Hoxb l Expression Is Not Associated 
with Migrating Neural Crest Cells 
in the Chicken Embryo 
Previous tudies have shown that systemic retinoid treat- 
ment of mouse embryos led to anterior shifts in Hoxbl  gene 
expression in the neural tube (Morriss-Kay et aI., 1991; 
Conlon and Rossant, 1992; Wood et aL, 1994; Mallo and 
Brandlin, 1997), in the migrating neural crest cells, and in 
the second branchial arch (Morriss-Kay et al., 1991; Conlon 
and Rossant, 1992; Wood et aI., 1994). In contrast o the 
nmrine studies, we did not observe Hoxbl  expression in 
neural crest-derived mesencbylne or in the trigeminal gan- 
glion at stage 14-15, 24 h after bead implantation. The 
reason for the difference may be that in the chicken1 Hoxbl  
is down-regulated during late neural crest cell migration 
and prior to branchial arch formation (stage 12; Sundin and 
Eichele, 1990; Sundin et al., 1990). We also examined 
several stage 12-13 retinoic acid-treated embryos and did 
not see Hoxbl-expressing cells adjacent to the anterior 
hindbrain (data not shown). 
A relatively large group of cells moves from r4 to fill the 
second branchial arch as shown in quail-chicken chimeras 
(K6ntges and Lumsden, 1996; Couly et al., 1996) and DiI 
labeling experiments (Lumsden et al., 1991). Therefore 
there must be a cohort of r4 neural crest cells in which 
Hoxbl  is down-regulated and these are the cells that 
contribute to the facial and geniculate ganglion and ecto- 
mesenchyme of the second branchial arch. Hoxal /HoxbI  
double knockout mice reveal a partially redundant role for 
Hoxbl  in patterning the stapes tanalogous to the columella} 
and middle ear ossicles (Gavalas et al., 1998). There is some 
evidence that Hoxbl-expressing cells contribute to some 
second arch and possibly even first arch skeletal structures 
(tympanic ring; Gavalas et aI., 1998). 
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Other Mechanisms That May Cause Retinoic Acid 
to Alter Phenotype of the Chondrocraniam 
Aside from the changes in gene expression and neural 
crest cell migration, several plausible mechanisms for tbe 
action of retinoic acid exist. One is that retinoic acid delays 
migration of neural crest cells. In whole embryo chicken 
culture, systemic retinoids have been observed to delay 
migration of cranial neural crest cells (Hassell et aI., 1977; 
Thorogood et aI., 1982; Moro Balb~s et al., 1993), The work 
of Baker et aI. (1997) shows that late-migrating neural crest 
cells will contribute to the distal skeletal elements pro- 
vided the early-migrating neural crest cells have been 
ablated. Thus a delay in migration produced by retinoic acid 
without a concomitant ablation would not be expected to 
have a long-term effect on morphogenesis. 
Another possibility is that retinoic acid could locally ablate 
a group of neural crest cells by increasing cell death. Systemic 
treatment ofpregnant mice with retinoic acid leads to death in 
the neural crest cells (Sulik et al., 1988) and m the proximal 
region of marine mandibular and maxillary promiuences 
(Osumi-Yamashita et al., 1992). Local application of retinoic 
acid to the nasal pit also increases programmed cell death in 
the ectoderm near the bead (Shen et aI., 1997). In the present 
study, higher concentrations of retinoic acid led to consistent 
loss of proximal structures (data not shown). The complete 
lack of certain cartilage elements is most likely due to 
excessive cell death in the progenitor neural crest cells. At 
lower concentrations, however, ectopic supernumerary carti- 
lages are produced, suggesting that a proportion of the neural 
crest cells is probably lost but these are rapidly replaced by
expansion of the remaining cell population. This is similar to 
ablation experiments in which large tracts of neural crest cells 
are excised but normal development ensues (e.g., Saldivar et 
aL, 1997). Further evidence that we have not increased pro- 
grammed cell death is the fact that Msx-2 is down-regulated in 
the hindbrain of retinoic aci&treated embryos. There is usu- 
ally an increase in. Msx-2 expression in cases in which pro- 
grammed ceil death is induced (induced with BMP-4; Graham 
et al., 1994; Barlow and Francis-West, 1997). 
Lack of Response in Anterior Mesencephalic 
Neural Crest Cells 
Retinoic acid is lipid soluble and is therefore able to diffuse 
passively through embryonic tissues (Tickle et al., 1985). It is 
likely that the retinoic acid diffuses evenly from the bead in all 
directions. We observe effects on structures derived from 
r4--a distance of approximately 400 Ixm posterior to the 
bead--however, in an anterior direction, only structures de- 
rived from the posterior mesencephalon (200 ~m anterior to 
the bead) are affected (Figs. 7A and 7BI. For example, anterior 
mesencephalic neural crest cells that contribute to prenasal 
cartilage and nasal chonchae were unaffected by the condi- 
tions of the present study. The anterior end of the chicken 
embryo is normally very sensitive to retinoids when admin- 
istered systemically (Lu et aL, 1997; Sundin and Eichele, 
1992), thus it seems unlikely that anterior mesencephalic 
Stage 10 Stage 36 
/ nc  
B 
FIG. 7. Summary of regions affected by beads positioned at the 
mid-hindbrain isthmus in embryos at the 7- to 8-somite stage. (A) 
Stage 10 embryo showing regions of eural crest that are ~fffected by 
retinoic acid. The stage 10 embryo is illustrated because the mid- 
hindbrain constriction and the upper hindbrain segrnents are devel- 
oped at this stage. The intensity ofthe stripes indicates the strength Of 
the effect. Thus the lnOSt highly affected regions are the posterior 
mesencephalon and hindbrain dow to r4. Minor effects were ob- 
served on more posterior neural crest cells. (B) Stage 36 chondrocra- 
niuln showing cartilage elements that are affected commonly (bold 
stripes) and those that are affected to a lesser degree (lighter stripes). 
The upper beak cartilages and distal end of Meckd's cartilage are not 
affected by mid-hindbrain bead implants at any concentration. K y: 
ba, basisphcnoid; bb, basibranchial; c, columella; cb, ceratobranchial; 
eg, entoglossum; et,egg tooth; los, interorbital septm-n; M, mesen- 
ccphalon; me, Meckel's cartilage; nc, nasal cartilage; O, otic vesicle; 
oc, occipital; or, orbital cartilage; pnc, prenasal c rtilage; q,quadrate; 
It, rhombencephaton; S, somite. 
neural crest cells are inherently more resistant to the effects of 
retinoic acid than neural crest cells derived from the hind- 
brain. The timing of emigration of neural crest ceils could 
have affected the results. Anterior mesencephalic cells are 
further from the source of retinoic acid since they initiate 
migration before hindbrain neural crest cells. The effective 
concentration of retinoic acid reachiug the anterior mesen- 
ccphalon may therefore be insufficient o alter the endoge- 
nous retinoid levels. 
The relative resistance of anterior midbrain- and 
forebrain-derived neural crest cells to retinoic acid could be 
due to differences in uptake or metal~olism of retinoic acid. 
Radiolabeled retinoids have been administered to mouse 
embryos (Dencker et al., 1990) and there was no evidence of 
uneven uptake of retinoic acid by craniofacial mesen- 
chyme. In a different experiment, chicken embryos treated 
at stage 20 with radioactive retinoids take up equal 
amounts in all the facial prominences (Wedden, 1987). In 
these same embryos, however, the frontonasal mass is the 
only target of retinoic acid (Tamarin et al., 1984; Wedden 
and Tickle, 1986; Richman and Leon Delgado, 1995). Thus 
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there is evidence that unique responses to retinoic acid by 
certain regions of the embryo are unrelated to the ability to 
take up retinoic acid. 
There are, however, differences in the level of metabo~ 
lism of retinol to retinoic acid in different regions of the 
stage 24 chicken embryo (Maden et ai., 1998). Similar but 
low levels of retinoic acid in the mesenchyme taken from 
the hindbrain level and the forebrain-midbrain level were 
detected; however, slight regional differences in the level of 
retinoic acid could not be detected with this method. 
Recent data on the expression of an enzyme involved in the 
synthesis of retinoic acid, retinaldehyde dehydrogenase-2 
(RALDH-2), shows that neural crest cells do not express 
this enzyme, nor does the cranial mesoderm (Berggren et 
aI., 1999; Swindell et al., 1999). Consistent with e expres- 
sion studies, the knockout of RALDH-2 did not produce any 
craniofacial defects (Niederreither et al., 1999). Thus reti- 
noic acid may be synthesized by a different enzyme path- 
way in the head region than in the trunk. 
Exogenous retinoic acid induces the eetopic expression of 
CYP26 (retinoic acid egradation enzyme) but not the 
expression of RALDH-2 (Swindell et al., 1999). CYP26 is 
induced in anterior limb bud mesenchyme under condi- 
tions that lead to duplication of the digits. Since increased 
breakdown of retinoic acid is coincident with pattern 
changes, it would be interesting to examine the expression 
of CYP26 in our experimental system. It is possible that 
ectopic CYP26 expression is changed adjacent to the hind- 
brain and not in the anterior mesencephalic neural crest 
cells. This may be an explanation for the lack of skeletal 
pattern change observed in the upper beak. 
Stage-Related Responses of Meckel's Cartilage 
to Retinoic Acid 
An unexpected result was that Meckel's cartilage was 
shortened and often cleft in many of our embryos treated at 
the 7- to 8-somite stage. In contrast, the mandible is not 
affected by retinoic acid at stage 20 {Richman and Leon 
Delgado, 1995; Wedden and Tickle, 1986; Tamarin et al., 
1984; Brown et aL, 1997). We suggested previously that the 
lack of sensitivity of the mandibular prominence to retinoic 
acid at stage 20 could be due to a concurrent down- 
regulation of AP-2 (Shen et al., 19971, In the present study 
we treat embryos at much younger stages, when AP-2 is 
expressed in migrating neural crest cells entering the first 
branchial arch. The effects we observe on the nrandible in 
the present study could be mediated through increased 
expression of AP-2 and Hoxa2. 
In summary, we have partially repatterned the first 
branchial arch through the local administration of retinoic 
acid. Our data suggest that r3 and r4 neural crest cells are 
the primary targets of locally released retinoic acid. The 
anterior shift in the migration pathway of r4 neural crest 
cells may have been facilitated by increased AP-2 expres- 
sion adjacent o r3 and up-regulation of Hoxa-2 in the 
proximal first branchial arch region. 
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